Web sites where users create and rate content as well as form links display many long-tailed distributions. Using one such site, Essembly, we propose causal mechanisms to explain these behaviors. Unlike purely descriptive models, our mechanisms use only information available to each user. We find the long-tails arise from large diversity of user activity and qualities of the rated content. The models not only explain overall behavior but also allow estimating the qualities of users and content from their early history on the site.
INTRODUCTION
Participatory web sites, such as Digg and Wikipedia, where users create and rate content as well as link with other users have many long-tailed distributions. Descriptive explanations of these distributions include preferential attachment and multiplicative processes. However, such models often lack causal connection with the information available to users [9, 3] . Focusing on information readily available to users can suggest causal mechanisms. The simplest such approach addresses average behavior [6] . Here we consider models explaining the long tails in distributions of user activity as seen more broadly with niche demand [2] .
A key question with respect to the observed diversity is whether it is an intrinsic characteristic of users and the content they generate. If so, can these characteristics be estimated from a few observations, allowing web site to use these characteristics in real time, e.g., to highlight especially interesting content? We examine these questions in the context of a politically-oriented web community, Essembly 1 , where users create and vote on resolves. Unlike most such sites, Essembly provides three distinct networks: a social network, an ideological preference network, and an anti-preference network, called friends, allies and nemeses, respectively. Our data set consists of anonymized voting records and the links in the three networks, with 15, 424 users, who created 24, 953 resolves and voted 1.3 million times. The network structure is typical of those seen in other social networking sites, and the links created by users generally conform to their nominal semantics [5] . 
USERS, RESOLVES AND LINKS
Users register with Essembly, participate for a while and then become inactive. User activities consist of voting, creating resolves, and forming links. For example, the observed distribution of votes per user is close to a power-law with exponent −1.45 ± 0.01, based on maximum likelihood estimates with a 95% confidence interval [5] . Fig. 1 summarizes our model for user behavior in which activity for individual users are approximately a Poisson process. The broad observed distributions among users then arise from an extended distribution of these activity rates ρ among users. Maximum likelihood estimates of these rates among users closely follow a lognormal distribution with large variance.
We also find a broad distribution for votes directed at each resolve. We explain this observation by taking a user's choice of a resolve to vote on as mainly due to its visibility in the user interface and interestingness of the question posed by the resolve. The site's user interface determines visibility, typically emphasizing recently created and popular content. For Essembly, recency is the most significant factor affecting visibility, quantified by a resolve's age, i.e., its ordinality among introduced resolves. We assume that the probability of a vote going to a given resolve is the product of a visibility-and an interestingness-dependent factor. For subsequent votes, we view a user's choice of resolve as due to an intrinsic "interestingness" property r of each resolve and its visibility. A key motivation for this choice is the observation that high or low rates of voting on a resolve tend to persist over time, even controlling for the age and number of votes the resolve already has. With maximum likelihood estimates, we find the interestingness of resolves has an extended distribution, close to lognormal in form. This model also allows estimating parameters for new users and resolves early in their history. Such values are useful to predict the number of votes a resolve will eventually have as well as which resolve will likely receive the next vote. Fig. 2 shows how estimates for resolves interestingness parameters r, and their confidence intervals change over time, as more votes are observed. Other resolves behave similarly. Thus the interestingness of resolves converges fairly early in a resolve's history.
Users' decisions of who to link to and how they attend to the behavior of their neighbors significantly affects participatory web sites. A common property of such networks is their broad degree distribution, which in all three Essembly networks is close to a truncated power law [5] . Such distributions can arise from preferential attachment and users becoming inactive [1] . However, Essembly users have no ac- cess to other user's links so this descriptive process does not account for how users create this distribution. While links in the friends network are likely to be mainly between people who know each other, ideological links require finding others with common interests. Essembly highlights ideological matches based on resolves a pair of users have both voted on. Consequently, people linked in Essembly tend to have far more votes on common resolves than random pairs. We consider a simple mechanism for link formation. Suppose users A and B voted on NA and NB resolves, respectively. Due to the ideological similarity, we suppose A and B form a link with probability proportional to the number of their common votes, roughly proportional to N A N B . A power-law distribution for the number of votes then gives rise to a degree distribution with the same exponent [4] . Thus this simple model not only explains the broad degree distribution but also connects it with the vote distribution described above. The truncated power laws for the degree distributions have exponents in the range [1.20, 1.44], consistent with that of user votes. A further prediction of our model is significant network transitivity, as observed in Essembly [5] and unlike random graph models [7] . That is, if user A has many votes in common with each of users B and C, then B and C also tend to have many common votes.
For computational efficiency, the maximum likelihood evaluation of parameters can be limited to a fixed time (e.g., a week) by keeping constant estimates for older resolves and users. Combined with occasional offline reevaluation of older content, this gives both rapid online response to new content and the ability to track slower changes to site usage. Such parameter estimates can be useful guides for improving social web sites by identifying new users likely to become highly active or content likely to become popular. Moreover, confidence intervals of the estimates allow for risk assessment when using the estimates. Newly posted content with high interestingness, for instance, can be quickly identified and given prominent attention on the site.
DISCUSSION
We introduced a model of user behavior accounting for observed long-tail distributions through extremely heterogenous populations of users and resolves. This model allows predicting how the popularity of user-generated submissions evolves in time, considering both their changing exposure online and their inherent interestingness. Our models could apply to other participatory web sites. Beyond helping users find interesting content, causal models could help with derivative applications, such as collaborative filtering or developing trust and reputations, by quickly focusing on the most significant users or items.
The key features of continual arrival of new users, existing users becoming inactive and a wide range of activity levels among the user population and interest in the content can apply in many contexts. For the distribution of how user rate content, generalizing to other situations will depend on the origin of perceived value to the users. At one extreme, which seems to apply to Essembly, the resolves themselves have a wide range of appeal to the user population, leading some items to consistently collect ratings at higher rates than others. At the other extreme, perceived value could be largely driven by popularity among the users, or subgroups of users, as seen in some cultural products [8] . In rapidly changing situations, e.g., current news events or blog posts, recency is important not only for visibility but also determines content interestingness. In other situations, the interestingness changes slowly, if at all, as appears to be the case for resolves in Essembly on broad political questions. All these situations can lead to long-tail distributions through a combination of a "rich get richer" multiplicative process and decay with age. But these situations have different underlying causal mechanisms and hence different implications for how changes in the site will affect user behavior. Thus, design of participatory web sites can benefit from site-specific causal models.
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